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Abstract—This paper discusses the cluster spreads and scat-
tering intensity (SI) characteristics at 10 and 28 GHz band in
a typical classroom environment. The multi-path components
(MPCs) were calculated from the measurement data using space-
alternating generalized expectation-maximization (SAGE) algo-
rithm. Next, the scattering point-based KPowerMeans (SPKPM)
algorithm was used to obtain the clusters based on interacting
objects (IOs) in the environment. Lastly, the cluster delay spread
(DS), angular spread (AS), and SI were computed and their
characteristics were discussed. The results showed that the
channels at both bands were almost equally directive. Moreover,
cluster spreads depended on the number of layers and surfaces of
IOs, whereas IO material and propagation mechanism influenced
the cluster SI.
Index Terms—Indoor environments, Millimeter wave propaga-
tion, clustering.
I. INTRODUCTION
Because of the increase of data-hungry applications such as
augmented reality (AR), virtual reality (VR), and 8K video
streaming, the next-generation wireless systems exploiting
millimeter wave (mmWave) bands have been deliberated due
to the large bandwidth available [1]. Nevertheless, due to
higher path-loss and shadowing-loss at these bands, several
subbands with large frequency range may be utilized for the
future wireless system to combat these issues. Therefore, for
system design, it is essential to study the propagation channel
characteristics and compare them at different frequency bands.
Consequently, several studies were reported to compare the
channel characteristics at different frequency bands in indoor
environments. Most of these studies compared angle-delay
power spectrum, path-loss, composite delay spread (DS) and
angular spread (AS) [2], [3], [4], [5], [6], [7]. Because these
measurements were conducted at various types of environ-
ments, the channel characteristics may be varied [8] as the
propagated waves interact with dissimilar interacting objects
(IOs) with different mechanisms. Each IO also consists of a
group of diffuse scattering and/or specular paths called cluster.
For that reason, the physical mechanism interpretation of
IOs or clusters is crucial to understand and clarify the overall
propagation characteristics of each environment. In [9], the
cluster power and spread properties were studied at 11 GHz
band in a medium-sized hall environment. [10] examined
the clusters’ major mechanisms at 70 GHz. At 60 GHz,
[11] analyzed the cluster reflection loss and gain, and [12]
studied the polarimetric cluster gain and spreads. The authors
examined the frequency characteristics of scattering intensities
(SIs) of clusters from 3 to 28 GHz in a large hall environment
with the help of physical optics (PO) [13], and compared the
cluster spread characteristics between hall and classroom at
28 GHz [14]. Nonetheless, to the author’s best knowledge,
the works that discuss the IO level cluster characteristics and
compare them at different frequency bands in a small indoor
environment such as classroom are still extremely limited in
the open literature.
Hence, the cluster spreads and SI characteristics and their
comparison between 10 and 28 GHz bands in a typical class-
room environment [15], [16] are discussed in this paper. The
scattering-point based KPowerMeans (SPKPM) [9], [13] was
implemented to acquire the clusters based on the environment
geometry. In the next step, cluster AS, DS, and SI were
computed and compared among different frequency bands and
IOs.
II. MEASUREMENT CAMPAIGN
The virtual uniform circular array (UCA) channel sounder
[2], [17] was used to conduct the measurement. The specifi-
cations are shown in Table I. The signal sweep was done by
the vector network analyzer (VNA). The commercial biconical
antenna [18] was mounted on the transmitter (Tx) and the
homemade biconical [19] antenna was put on the receiver
(Rx), which was rotated on the robot arm with a 24 cm radius.
Tx and Rx were mounted at a height of 1.5 m.
The measurement was conducted in the classroom environ-
ment at Aalborg University. Fig. 1 shows the floor plan of
the environment. The red-colored words depict the cluster/IO
name which will be used to discuss the results in Section
IV. Fig. 2 shows photos of each side of the room. The walls
are made from plasterboard, which is a multi-layer surface
containing metal stud, insulation wool, and plasterboard sheets
[20]. There are bookshelves and a projector on the slant
plasterboards. The black and whiteboards are located in front
Fig. 1. Measurement floor plan in the classroom environment. Copyright
c©2019 IEICE [14].
Fig. 2. Photos of each side of room.
of the room. Windows are covered with a thin metallic layer.
There are a wood door, small blackboard, and pillar in front
of the room. There were 20 Tx spatial snapshots which were
spaced 100 cm apart.
TABLE I. Channel sounder specification
Parameters Values
Center frequency 10 and 28 GHz
Bandwidth 2 GHz
Rx antenna Modified biconical antenna [19]
Tx antenna Commercial biconical antenna
(A-INFO SZ-2003000) [18]
Radius 0.24 m
Number of Rx elements 360
Height of Tx and Rx 1.5 m
III. DATA ANALYSIS METHODS
A. Cluster Calculation Methods
The clusters based on the IO geometry were estimated
using the algorithm proposed in [13], [14]. After the MPC
parameters were estimated from space-alternating general-
ized expectation-maximization (SAGE) algorithm [21], the
measurement-based ray tracer (MBRT) [22] along with the
environment map were utilized to obtain the scattering point
position in the Cartesian coordinate. Then, the SPKPM [13]
was used to obtain the clusters based on the environment
geometry.
B. Cluster Spreads and SI Calculation Methods
After the clusters were obtained, the SI, AS, and DS of
each cluster were computed. The AS and DS of cluster k
were calculated by
ASk =
√∑
l∈Ck Pl · (φl − φ̄k)
2∑
l∈Ck Pl
(1)
DSk =
√∑
l∈Ck Pl · (τl − τ̄k)
2∑
l∈Ck Pl
(2)
where Ck is the set of MPCs in cluster k. Pl, φl, and τl
are the power, angle-of-arrival (AoA) and delay time (DT) of
path l. φ̄k and τ̄k are the AoA and DT centroids of cluster k,
which are calculated by
φ̄k =
∑
l∈Ck Pl · φl∑
l∈Ck Pl
(3)
τ̄k =
∑
l∈Ck Pl · τl∑
l∈Ck Pl
(4)
To calculate SI of cluster k, the cluster power Pk is
normalized by the free space path gain of the cluster’s traveling
distance [12].
SIk = Pk − 20 log10
(
λ
4πcτ̄k
)
(5)
where c and λ are speed of light and wavelength, respectively.
After the cluster parameters were computed at each Tx po-
sition, their mean was calculated over all Tx spatial snapshots.
IV. RESULTS AND DISCUSSION
Table. II shows the mean AS, DS, and SI of each cluster.
By using SPKPM [13], each cluster is associated with an IO,
which corresponds to the red-colored description in Fig. 1. The
last row also shows the mean values of all clusters combined.
The results showed that the spreads of IOs with plasterboard
as predominant scattering object (Back wall, Front wall, Slant
left, and Slant right) were larger than those of Window
wall. One possible explanation is that due to the multi-layer
structure of the plasterboard and large bandwidth, there were
several resolvable MPCs scattered from different layers of
plasterboard. In contrast, windows are covered by the metallic-
layers, and thus the wave only scattered on the surface.
Moreover, the spreads of Boards were much higher than those
of other objects because it consists of several flat surfaces
with the separation distance of 10-20 cm as shown in Fig. 2.
However, since the spreads were mostly small in both bands,
the channels of both bands were highly directive. The SIs of
Boards and Window were large due to scattering on the coated
magnetic and metallic materials. The SI of Back wall was also
large because of reflection on multi-layer but smooth surface.
On the contrary, the SIs of Slant walls and Front wall were
small owing to diffraction and scattering, respectively.
The majority of cluster spreads and SI at 28 GHz were
slightly smaller than that of 10 GHz, indicating that the chan-
nel tended to be more specular with less diffuse components
as the frequency increases. This conclusion is also consistent
with the previous studies [2], [13], [15]. It should also be
noted that the slight difference of the half-power beamwidth
of the UCA (∼2.5 and ∼1 deg at 10 and 28 GHz) might also
influenced the difference of AS between two bands.
These results implied two important points: First, the cluster
spreads strongly depended on the number of layers and sur-
faces of the IOs, which was consistent with results reported
in [14]. In contrast, the cluster SI was more related to the IO
material and propagation mechanism. Second, the channel at
28 GHz was marginally more directive than that of 10 GHz
as the majority of values were similar across two frequency
bands.
TABLE II. Mean of cluster AS, DS, and SI and major mechanism
AS [deg] DS [ns] SI [dB] Major mechanism/
Number of layersIO\freq [GHz] 10 28 10 28 10 28
Back wall 2.5 1.9 0.6 0.6 -3.8 -5.8 Reflection/Multi-layer
Window 1.7 1.2 0.4 0.2 -5.3 -6.5 Scattering/Single-layer
Slant left 2.8 1.7 0.8 0.5 -9.7 -9.5 Diffraction/Multi-layer
Front wall 2.9 1.2 0.7 0.2 -8.5 -9.4 Scattering/Multi-layer
Slant right 2.8 1 0.8 0.3 -7.4 -9.7 Diffraction/Multi-layer
Boards 3.9 3.5 1.1 0.9 -1.8 -1.3 Scattering/Multi-layer
Total 2.9 1.7 0.8 0.6 -6.9 -7.9 -
V. CONCLUSION
This paper discussed each IO/cluster SI and spreads charac-
teristics at 10 and 28 GHz bands in the classroom environment.
The results implied that the number of layers and surfaces of
the IOs strongly influenced the cluster spreads. Moreover, the
propagation mechanism and IO material had a great impact on
cluster SI. Nevertheless, since the spreads were mostly small
and SI was similar, the channels across two frequency bands
exhibited highly directive characteristics and differences were
marginal. Thus, similar modeling approaches may be utilized
to model the channels. As the future work, detailed mechanism
clarification will be done using PO.
ACKNOWLEDGMENT
This work was partly supported by JSPS KAKENHI Grant
Number 16K18102 and 19K04369.
REFERENCES
[1] T. S. Rappaport et al., “Millimeter wave mobile communications for 5G
cellular: It will work!” IEEE Access, vol. 1, pp. 335–349, 2013.
[2] W. Fan, I. Carton, J. Ø. Nielsen, K. Olesen, and G. F. Pedersen,
“Measured wideband characteristics of indoor channels at centimetric
and millimetric bands,” EURASIP J. Wireless Commun. and Networking,
vol. 2016, no. 1, p. 58, Feb 2016.
[3] J. Medbo, N. Seifi, and H. Asplund, “Frequency dependency of measured
highly resolved directional propagation channel characteristics,” in Proc.
22th European Wireless Conf., May 2016, pp. 1–6.
[4] G. R. Maccartney, T. S. Rappaport, S. Sun, and S. Deng, “Indoor
office wideband millimeter-wave propagation measurements and channel
models at 28 and 73 GHz for ultra-dense 5G wireless networks,” IEEE
Access, vol. 3, pp. 2388–2424, 2015.
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